Real-time quaking-induced conversion (RT-QuIC) is an assay in which disease-associated prion protein (PrP) initiates a rapid conformational transition in recombinant PrP (recPrP), resulting in the formation of amyloid that can be monitored in real time using the dye thioflavin T. It therefore has potential advantages over analogous cell-free PrP conversion assays such as protein misfolding cyclic amplification (PMCA). The QuIC assay and the related amyloid seeding assay have been developed largely using rodent-passaged sheep scrapie strains. Given the potential RT-QuIC has for Creutzfeldt-Jakob disease (CJD) research and human prion test development, this study characterized the behaviour of a range of CJD brain specimens with hamster and human recPrP in the RT-QuIC assay. The results showed that RT-QuIC is a rapid, sensitive and specific test for the form of abnormal PrP found in the most commonly occurring forms of sporadic CJD. The assay appeared to be largely independent of species-related sequence differences between human and hamster recPrP and of the methionine/valine polymorphism at codon 129 of the human PrP gene. However, with the same conditions and substrate, the assay was less efficient in detecting the abnormal PrP that characterizes variant CJD brain. Comparison of these QuIC results with those previously obtained using PMCA suggested that these two seemingly similar assays differ in important respects.
INTRODUCTION
Creutzfeldt-Jakob disease (CJD) is a fatal neurological condition characterized by neuronal loss, reactive gliosis and spongiform changes in the brain. The condition is unusual in that it can be genetic (associated with mutations in the prion protein gene, PRNP), it can be acquired in the forms of iatrogenic or variant CJD (vCJD) or it can occur in an idiopathic form known as sporadic CJD (sCJD). sCJD occurs worldwide with a relatively uniform incidence of 1-2 cases per million of the population per year. There is marked heterogeneity in the clinico-pathological phenotype in sCJD. In contrast, vCJD has a relatively stereotyped phenotype. All forms of CJD are transmissible under appropriate experimental settings (reviewed by Ironside et al., 2008) .
The existence of acquired forms and transmissibility both imply the existence of an infectious agent in CJD. According to the prion hypothesis, the agent is a conformationally altered form of the host-encoded prion protein (PrP) that is converted from a normal cellular isoform (PrP C ) to a disease-associated isoform (PrP Sc ) by a post-translational conformational transition. This renders it higher in b-sheet structures, relatively poorly soluble, prone to aggregation and partially protease resistant (reviewed by Prusiner, 1998; Caughey et al., 2009 ). This last property has been exploited diagnostically, and protease-resistant prion protein (PrP   res   ) has become a convenient operational definition of PrP Sc . Western blot analysis of the N-terminally truncated protease-resistant core fragment size and the relative ratio of the three possible glycoforms have shown that different forms of CJD are associated with different PrP res types. vCJD is characterized by a 19 kDa (type 2) PrP In contrast, mono-or non-glycosylated PrP res predominates in sCJD and the PrP res can be either type 1 (21 kDa) or type 2, or a mixture of the two isoforms. The PrP res type and the naturally occurring polymorphism at codon 129 of PRNP [which can encode either methionine (M) or valine (V)] are thought to partially underlie the phenotypic variation in sCJD, which is now classified according to these parameters as MM1/MV1, VV1, MM2C (cortical variant), MM2T (thalamic variant or sporadic fatal insomnia), MV2K (kuru plaque variant) or VV2 using a system introduced in 1999 and recently updated to take into account the existence of mixed PrP res types (Parchi et al., 2010) .
Transmissibility also adds a public-health dimension to managing these diseases: CJD (most probably sCJD) has been transmitted from person to person via human growth hormone therapy, dura mater grafting, contaminated surgical instruments and corneal transplantation (reviewed by Brown et al., 2006) , but current concerns have focused on vCJD, which has recently been shown to be transmissible from asymptomatic blood donors to recipients of red blood cells and blood products (Llewelyn et al., 2004; Peden et al., 2004 Peden et al., , 2010 Hewitt et al., 2006; Wroe et al., 2006) . Although PrP Sc accumulates to readily detectable levels in the brain during the clinical phase, PrP Sc levels in the blood are likely to be considerably lower and those present in blood during the asymptomatic pre-clinical phase lower still.
Nevertheless, the need for a blood-screening assay, particularly in the UK where the underlying incidence of vCJD infection may be higher than the level of clinical vCJD cases suggests, has provided an incentive for the development of tests for PrP Sc as a surrogate for infectivity in blood (reviewed by Hilton, 2006; Peden et al., 2008; Turner & Ludlam, 2009; . One possible strategy is to use the conversion process to amplify the amount of PrP Sc in vitro until a point is reached where PrP Sc is readily detectable by conventional means. The efficiency of early methods for PrP Sc template-dependent conversion of PrP C was improved dramatically by the introduction of cycles of sonication and incubation in a process that came to be known as protein misfolding cyclic amplification (PMCA) (reviewed by Jones et al., 2011) . PMCA and detection of the resultant PrP res by Western blotting has proved to be a sensitive method for the detection of low levels of PrP Sc . It has also provided a rapid and flexible in vitro system in which to model aspects of prion replication relevant to human prion disease, such as the effect of PrP Sc type, PRNP polymorphisms and transmission barriers (Jones et al., 2007 (Jones et al., , 2009a .
More recently, a third-generation assay has been developed in which recombinant prion protein (recPrP) replaces the source of naturally occurring PrP C in the PMCA assay (usually a brain homogenate) and controlled periodic shaking replaces sonication. The resulting assay, termed quaking-induced conversion (QuIC), has been developed using hamster-adapted sheep scrapie brain tissue and a Western blot readout for PrP res (Atarashi et al., 2007 (Atarashi et al., , 2008 . It has shown to be sufficiently sensitive to detect PrP Sc in cerebrospinal fluid (CSF) from hamsters with scrapie (Atarashi et al., 2008) and has also been shown to detect PrP Sc in vCJD brain and CSF from scrapie-infected sheep (Orrú et al., 2009) . More recently, the QuIC assay has incorporated aspects of the amyloid seeding assay developed by Colby et al. (2007) , employing thioflavin T (ThT) as a reporter of recPrP conversion in real time, producing a realtime QuIC (RT-QuIC) assay for hamster scrapie prions that is specific and has a sensitivity that rivals that of bioassays (Wilham et al., 2010; Atarashi et al., 2011) .
Given the potential importance of such in vitro assays for understanding the mechanisms by which abnormal PrP is produced in CJD and the potential public-health applications of a rapid and sensitive test for human prions, we undertook a characterization of RT-QuIC using recPrP 'substrates' differing in sequence (including human) and brain PrP Sc 'seeds' from the major relevant forms of CJD. The results showed that RT-QuIC can be applied to CJD specimens, but comparison of the results with those obtained using PMCA indicated mechanistic differences between these two ostensibly similar assays. RESULTS sCJD brain homogenate seeds the conversion of hamster recPrP (recHaPrP) sCJD brain homogenates seeded heterologous RT-QuIC reactions using recHaPrP, both full-length and N-terminally truncated. The results shown in Figs 1-3 were typical of experiments performed at least three times using brain homogenate seeds prepared on two separate occasions from patients of each subtype of sCJD. The reactions were seeded with 2 ml of a dilution of CJD brain containing approximately 100 fg PrP res . Non-CJD brain tissue controls were added at a dilution of 0.5610 25 of 100 % brain tissue; this dilution was within the 9610 27 -1610 25 range of brain frontal cortex tissue dilutions for each sCJD and vCJD patient that gave approximately 100 fg PrP res in 2 ml (see Methods).
A rapid early and near-synchronous seeding of truncated recHaPrP (aa 90-231) was seen with the sCJD MM1, MV1, MV2K and VV2 brain samples that initiated within 10 h and reached a plateau within 15 h (Fig. 1) . In contrast, the sCJD MM2C and VV1 samples had considerably and consistently longer lag times. This was particularly true for the sCJD VV1 brain sample, which additionally failed to reach maximal values within the 90 h reaction time and with only three of the four replicates rising above background readings in the example shown in Fig. 1 . The unseeded reactions gave baseline values throughout the assays. The vCJD, Alzheimer's disease, Lewy body dementia (data not shown) and non-neurological disease brain samples gave either no discernible response or gave responses that were inconsistent between replicate wells and were much delayed. Examples of these phenomena can be seen in Fig. 1 in which each trace is marked with the number of replicate wells out of four that gave above-background values during the 90 h reaction time.
A dose-response analysis using truncated recHaPrP (aa 90-231) substrate conducted with MV2K sCJD seed indicated that both the duration of the lag and the reaction rate (once initiated) were related to dose (Fig. 2) . The kinetics of fibrilization of the truncated recHaPrP substrate conformed to equation (1) given in Methods, which has been used previously to describe amyloid formation by other proteins. The rate of conversion correlated with the amount of sCJD seed introduced into the RT-QuIC reaction, i.e. a tenfold reduction in seed resulted in an approximate twofold decrease in k (rate constant). Under these conditions, RT-QuIC could detect MV2K sCJD brain seed down to a dilution of 1 fg PrP res (Fig. 2) , although at this concentration of seed only two of the four replicates became positive. This amount of seed corresponded to 2 ml of a 9610 28 dilution of 100 % brain tissue or 1.8610 210 g brain tissue, and indicated a high analytical sensitivity (i.e. a low limit of detection).
The kinetics of the RT-QuIC reaction was found to change when the truncated recHaPrP (aa 90-231) was replaced with full-length recHaPrP (aa 23-231) (Fig. 3) and conformed better to equation (2) shown in Methods. Each of the sCJD brain samples (MM1, MV1, VV1, MM2C, MV2K and VV2) produced responses rising above baseline within 25 h and gave similar, sigmoidal curves. The order of appearance was the same as with the truncated recHaPrP substrate, with sCJD MM1, MV1, MV2K and VV2 appearing early, followed by MM2C and then VV1. Inconsistent and low responses from the vCJD brain samples was also a feature of RT-QuIC with full-length recHaPrP, whereas signals from unseeded and non-CJD samples remained at baseline values throughout the 90 h reaction times (Fig. 3) .
The conversion of recPrP substrate by sCJD seeds in the RT-QuIC reactions showed a reasonable degree of consistency, particularly for samples that gave rapid and early responses. For example 100 fg sCJD MM1 sample resulted in the conversion of truncated recHaPrP (aa 90-231) with a lag time of 6.0±1.4 h (mean±SD, n54) and the conversion of full-length recHaPrP (aa 23-231) with a lag time of 5.4±2.0 (n54), where n54 denotes samples run in quadruplicate on four separate occasions.
Full-length human recPrP (recHuPrP) is converted with similar kinetics to full-length recHaPrP
Next we replaced the full-length hamster sequence with full-length recHuPrP (aa 23-231) to produce a homologous RT-QuIC reaction. Both MM1 and VV2 sCJD brain Quaking-induced conversion using CJD brain homogenate seeds promoted the rapid and early conversion of full-length recHuPrP (Fig. 4) at dilutions similar to those used to stimulate the conversion of full-length recHaPrP (Fig. 3) . The reactions were again specific in that no response was seen using equivalent dilutions of Alzheimer's disease or Lewy body dementia samples or a brain homogenate from an individual without neurological disease (data not shown). We found that recHuPrP 129M and 129V substrates were both able to detect sCJD seeds of subtypes MM1 and VV2 (Fig. 4) without an apparent preference for matching of the codon 129 genotype between seed and substrate. The kinetics of fibrilization appeared to be more rapid for RT-QuIC reactions seeded with sCJD VV2 brain homogenate, irrespective of whether the recHuPrP substrate was 129M or 129V (Fig. 4) . vCJD brain is less efficient at seeding RT-QuIC reactions vCJD brain was less efficient at seeding homologous RTQuIC reactions than sCJD, even though the assays were primed with equivalent amounts of seed PrP res . Fig. 5 shows a direct comparison of seeding RT-QuIC reactions using full-length recHuPrP with sCJD or vCJD brain seed containing 100 fg PrP res (corresponding to 2 ml 1610 25 dilution of a 10 % brain homogenate). The recHuPrP-129M and -129V substrates produced similar results with vCJD seeds, giving a delayed and slower conversion than sCJD. The response, as judged by lag periods between sCJD (MM1 and VV2) and vCJD brain, were significantly different, as shown in Supplementary Table S1 (available in JGV Online).
Samples of thalamus and cerebellum homogenate from two different cases of vCJD were also assayed by RT-QuIC using recHuPrP substrate. These homogenates were titrated for PrP res and diluted to the same levels of PrP res used to analyse the sCJD and vCJD frontal cortex homogenates. Similar results were obtained for vCJD thalamus and cerebellum compared with vCJD frontal cortex, suggesting that, compared with sCJD and regardless of the brain region of origin, vCJD PrP Sc was less able to stimulate the conversion of recPrP substrates using the conditions used in this RT-QuIC assay (Fig. 6 ).
In vCJD, PrP
Sc is readily detectable in tissues outside the central nervous system. In particular, lymphoreticular tissues such as spleen, lymph nodes and tonsil are consistently affected. We therefore investigated whether PrP Sc extracted from vCJD tonsil was more efficient at stimulating the conversion of recPrP than PrP Sc from vCJD brain. Homogenates of vCJD tonsil (10 %, w/v) were prepared and the amount of PrP Sc per unit of volume was estimated by titrating for PrP res by Western blotting. Dilutions of vCJD tonsil homogenate containing femtogram amounts of PrP res produced a positive response, in contrast to equivalent dilutions of non-CJD tonsil. As an example, Fig. 6 shows the result for a RT-QuIC reaction using recHuPrP-129M substrate seeded with 100 fg vCJD tonsil PrP res . However, the lag times (.30 h) for these responses were again considerably longer than that of sCJD brain.
The presence of inhibitors of the RT-QuIC reaction in the vCJD brain was discounted by competition experiments involving the mixing of vCJD and sCJD brain homogenates. In the experiment shown in Fig. 7 , a 10 % sCJD MM1 brain homogenate was diluted to 100 fg PrP res ml 21 , which was a 2610 24 dilution. This dilution was mixed 1 : 1 with PBS or with vCJD brain homogenate diluted to 10 pg PrP res ml 21 (or a 2610 22 dilution) or the same dilution of an Alzheimer's disease brain homogenate. Two microlitres of these mixtures was added to the RT-QuIC reactions using recHuPrP-129 M as substrate. The presence of a 100-fold excess of either vCJD or Alzheimer's disease brain homogenate did not alter the conversion of substrate caused by sCJD MM1 seed (Fig. 7) . A range of vCJD or Alzheimer's disease brain homogenate dilutions (2610 22   -2610 26 ) were pre-mixed 1 : 1 with the 2610 24 dilution of sCJD seed but none altered the apparent kinetics of sCJD-seeded conversion (data not shown). We concluded that the poor seeding ability of vCJD brain homogenate was not due to the presence of an endogenous inhibitory factor that also interfered with sCJD-seeded conversion.
There is evidence to suggest that the most infectious PrP Sc oligomers are relatively small (Silveira et al., 2005) . Given that vCJD brain neuropathology is characterized by the presence of numerous large plaques containing PrP Sc in the form of amyloid, we investigated the effect of sonicating vCJD brain homogenate in the hope of reducing the mean size of PrP aggregates prior to the serial dilution step. The sonication conditions chosen were those used in a single round of our PMCA protocol (Jones et al., 2007) . No obvious increase or decrease was observed in the efficiency of vCJD brain homogenate to seed the conversion of recHuPrP-129M following sonication (data not shown).
DISCUSSION
This is the first systematic investigation of the potential for human brain PrP
Sc from different forms of CJD to seed the RT-QuIC assay and is also the first to investigate whether the sequence of the recPrP used has a direct bearing on Quaking-induced conversion using CJD brain whether a given CJD brain homogenate can seed the RT-QuIC reaction. Our data showed that sCJD brain homogenates can seed heterologous RT-QuIC reactions using recHaPrP, whether full-length or N-terminally truncated, and that replacing the hamster sequence with full-length recHuPrP produced similar results. Likewise, full-length human PrP with M or V at position 129 appeared to be interchangeable in RT-QuIC seeded with CJD brain homogenates. When equivalent amounts of sCJD brain PrP Sc (as judged by titration of PrP res against recPrP) were used, rapid and early seeding was seen with the most commonly occurring forms of sCJD (MM1/MV1, VV2 and MV2K). Interestingly, Atarashi et al. (2011) also showed that recHuPrP converted equally well in the presence of sCJD MM1 and MM2 brain seeds, in addition to the majority of CSF samples from sCJD patients, irrespective of the PrP res type or the PRNP codon 129 genotype. We did, however, find increased lag times and less reproducible responses when using MM2C and VV1 brain samples. Whether this is a general feature of these different forms of CJD, perhaps reflecting something intrinsic to PrP Sc , or something particular to these specific cases or samples will require further investigation of a larger series of sCJD cases.
A dose-response experiment conducted with MV2K sCJD seed and truncated recHaPrP substrate indicated that both the duration of the lag and the reaction rate (once initiated) were related to dose, and it is interesting to note that the RT-QuIC reaction kinetics, when recHaPrP (aa 90-231) was used as a substrate, conformed to equations used previously to describe amyloid formation by other proteins. The biochemical sensitivity of sCJD PrP Sc detection (as determined for sCJD MV2K) compared favourably with other sensitive assays, detecting PrP res in the femtogram range or as little as 2 ml of a~10 27 dilution of 100 % brain tissue. Although the exact PrP Sc molecular species involved in the initiation of the seeding of recPrP in RT-QuIC is not currently known, cross-seeding between amyloidogenic molecules did not appear to occur to any great extent under the conditions used, given that the results from Alzheimer's disease and Lewy body dementia brain homogenates were very similar to those obtained with normal human brain homogenates.
It was therefore all the more surprising that vCJD brain was considerably slower at seeding RT-QuIC reactions than sCJD, even though the assays were primed with equivalent amounts of seed PrP res . We were able to discount certain explanations for this phenomenon. Case-to-case variation could be discounted by the analysis of samples from three different vCJD cases. Matrix effects could be discounted by the testing of three different regions of the vCJD brain and by testing of vCJD tonsil, which also accumulates PrP Sc . 
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The presence of inhibitors of the RT-QuIC reaction in the variant CJD brain was discounted by competition experiments involving the mixing of vCJD and sCJD brain homogenates. In addition, seeding with a wide range of vCJD brain homogenate volumes or pre-sonication to reduce aggregate size did not result in efficient seeding with vCJD brain homgenates. We are therefore forced to conclude that competence to seed RT-QuIC reactions depends on molecular properties of PrP Sc that are at least partially independent of PrP res type and codon 129 genotype. One possibility is that this relates to the glycosylation of vCJD PrP Sc .
The amounts of the various brain homogenates used to prime the RT-QuIC assays were normalized according to the amounts of PrP res , the protease-resistant component of PrP Sc . In principle the seeding activity could be a proteaseresistant and/or protease-sensitive component of PrP Sc (Safar et al., 1998 (Safar et al., , 2005 . This raised the possibility that the discrepancy between the seeding efficiencies of vCJD and sCJD brain homogenate might be accounted for by differences in the proportion of protease-sensitive and -resistant PrP Sc . In this present study, we noted that, for sCJD MV2K, a tenfold change in the level of seed only produced an approximately twofold increase in lag time (Fig. 2) . Therefore, the small differences (~20-40 %) in the relative levels of protease-sensitive PrP Sc observed between vCJD and sCJD brain homogenates (Choi et al., 2011) are unlikely to account for the dramatic differences in the lag time for conversion in RT-QuIC reactions.
QuIC and PMCA assays have strong formal similarities. Both are essentially seeded prion protein conversion assays. However, there are several potentially significant differences between the two tests. First, PMCA reaction conditions are biochemically complex. Although cell-free, the conversion occurs in a crude homogenate containing proteins, lipids and nucleic acids. Secondly, in PMCA, the substrate (PrP C ) is naturally produced and glycosylated and contains a glycosylphosphatidylinsitol (GPI) anchor by which its interaction with membranes is effected. In contrast, QuIC employs purified, bacterially expressed PrP that is devoid of glycans and has no GPI anchor, and that has been through a cycle of denaturation and refolding during purification. The physical forces used to accelerate the reactions also differ. QuIC employs periodic shaking, whereas PMCA depends on periodic sonication. A further difference in the real-time variant of QuIC is that ThT fluorescence is monitored rather than the production of PrP res in PMCA and QuIC. The results we have shown Quaking-induced conversion using CJD brain here using RT-QuIC contrast sharply with our previous experience of PMCA. Unlike RT-QuIC, non-CJD human brain, human platelets and humanized transgenic mouse brain all support the amplification of vCJD PrP Sc in the PMCA assay but do so in a codon 129-compatible manner (Jones et al. 2007 (Jones et al. , 2009b . Humanized transgenic mouse brain also supports PMCA of sporadic CJD brain seeds, but again this occurs in a codon 129-dependent manner (Jones et al., 2009b) , partially replicating the transmission properties of sCJD agents transmitted to humanized transgenic mouse lines (Bishop et al., 2010) . Issues of species-specific PrP sequence and prion agent strain can also affect amplification in the PMCA assay (Jones et al., 2011) . Throughout these studies, PMCA has shown considerable fidelity in maintaining the PrP res type of the input seed, in terms of both fragment size and glycosylation ratio (Jones et al., 2007 (Jones et al., , 2008 (Jones et al., , 2009b .
It seems likely that the outcomes of RT-QuIC and PMCA reactions depend on the exact conditions employed (biochemical, chemical and physical) in addition to the nature of the seeds and substrates, and it is therefore likely that conditions could be found in which vCJD PrP Sc is recognized in the RT-QuIC assay. Indeed, a preparative PrP Sc -specific immunoprecipitation method that renders vCJD tissue homogenates compatible with a modified version of RT-QuIC (termed eQuIC) has been developed that allows highly sensitive detection of vCJD brain material diluted in human plasma (Orrú et al., 2011) . Nevertheless, the different results obtained using human materials in QuIC and PMCA could be taken to indicate that they differ mechanistically and therefore that they have different relationships to PrP accumulation in situ. It may be that RT-QuIC is ideally suited to applications in which a sensitive and specific test for PrP Sc is required, whereas PMCA may provide a more physiological model, better suited to understanding the role of PrP, auxiliary molecules and microenvironments in the conversion of PrP C to PrP Sc .
METHODS
CJD and control brain tissues. Brain frontal cortex tissue was taken from three cases of vCJD and from examples of six sCJD cases, defined by the combination of their PRNP codon 129 genotype (MM, MV or VV) and their PrP res type (type 1 or 2) according to the nomenclature of Parchi et al. (1999) and Gambetti et al. (2003) as MM1/MV1, MM2C, MV1, MV2K, VV1 and VV2. All cases used had been thoroughly characterized and the diagnosis reached using internationally accepted criteria. In each case, samples of~100 mg were taken from the frontal cortex for preparation as seed material for RT-QuIC. Samples of cerebellum and medial thalamus were taken from two of the three vCJD cases mentioned above. In addition, tonsil tissue was taken from a fourth case of vCJD. Frontal cortex tissue was also taken from non-CJD cases, which were used as negative controls and expected to contain PrP C in the absence of PrP Sc . Some of these were cases were referred to the National CJD Research & Surveillance Unit (NCJDRSU) as being suspected of having CJD but received an alternative diagnosis. The neurological control cases used were three cases of Alzheimer's disease (two MM and one VV at PRNP codon 129) and one case of Lewy body dementia (VV at PRNP codon 129). Frozen tissue samples were weighed and homogenized in PBS (SigmaAldrich) containing 1 mM EDTA, 150 mM NaCl, 0.5 % Triton X-100 and Complete Mini EDTA-free Protease Inhibitor Cocktail (Roche), using a buffer volume that gave a final tissue concentration of 10 % (w/v). The homogenization was performed in a 2 ml centrifuge tube using an Eppendorf micropestle. The homogenate was cleared by centrifugation at 420 g for 5 min at 4 uC. The supernatants were vortexed and separated into 20 ml aliquots and stored at 280 uC.
Sonication of brain homogenate. To investigate the effect of prior sonication on the ability of brain homogenate to promote the conversion of recPrP in RT-QuIC, samples (100 ml) were each placed in an individual well of a thin-walled 96-well PCR plate and the wells were sealed. The plate was transferred to the plate holder of a microplate horn sonicator (model 3000; Misonix) in a 37 uC incubator and subjected to a 40 s burst of sonication (85 % potency, 294-297 W) . This was equivalent to one round of our PMCA protocol (Jones et al., 2007) .
Determination of the titre of PrP res in CJD brain homogenates.
The amounts of brain homogenate introduced into the RT-QuIC assays were normalized according to the titre of PrP res . Samples of vCJD or sCJD brain homogenate cleared by low-speed centrifugation were digested for 1 h at 37 uC with 50 mg proteinase K ml 21 and digestion was terminated with 100 mM PefaBloc (Roche). Diluted samples of these proteinase K-treated brain homogenates were separated on Novex 10 % Bis-Tris gels (Invitrogen) alongside dilutions of purified recHuPrP. The separated proteins were then transferred to PVDF membrane and immunoblotted with anti-PrP mAb 3F4, as described previously (Yull et al., 2006) . The blots were developed using ECL Plus (GE Biosciences). The samples of brain homogenate ranged from 300 to 150 mg equivalent wet weight of brain tissue, whereas the mass of recHuPrP analysed ranged from 10 to 0.3 ng. The blots were exposed to ECL HyperFilm (GE Biosciences) for 30 s, 3 min or 30 min.
The levels of PrP res per unit of brain extract were estimated by comparing the densities of the single Western blot bands corresponding to purified recHuPrP and the combined densities of the three bands corresponding to PrP res in the brain extracts. The densities of the bands were determined by scanning the exposures using a Bio-Rad GS-800 Densitometer and analysing the scans using Bio-Rad Quantity One software. For the vCJD and sCJD frontal cortex samples used in this study, estimates of the levels of PrP res varied from 4.6 to 59 mg PrP res (g brain tissue) 21 (wet mass).
Dilution of brain homogenates for RT-QuIC. Aliquots of 10 % brain homogenate were thawed at room temperature. Brain homogenates were diluted by serial 1 : 10 dilutions using N2 buffer [PBS containing 0.1 % SDS and 16 N2 supplement (Invitrogen)]. Usually, for each dilution, a 10 ml sample was mixed with 90 ml N2, with~8 s of vortex mixing between each stage of a serial dilution. Brain homogenate was diluted so that a 2 ml volume of the final dilution would contain a defined amount of PrP res . For vCJD and sCJD frontal cortex tissue samples, the dilution of (100 %) brain tissue required for 100 fg PrP res in 2 ml varied from 9610 27 to 1610 25 . A positive result for RT-QuIC within a 60 h run time is denoted '+', whereas no reaction is denoted '2'. References are given for the relevant figure. Where no reference is given to a figure, the analysis was performed, with the given result, but the data are not shown. NT, Not tested. filtered with a 0.2 mm syringe filter and dialysed. The concentration of recPrP was determined using bicinchoninic acid reagent (Thermo Scientific) and adjusted to 0.2-0.5 mg ml 21 . Aliquots were stored at 280 uC. The purity of the recPrP was estimated as .99 % by SDS-PAGE and immunoblotting (data not shown).
RT-QuIC. This was performed as described by Wilham et al. (2010) but with a few alterations. Frozen aliquots of recPrP (full-length or truncated) were allowed to thaw at room temperature (~20 uC). The protein solution was then filtered through a 100 kDa Nanosep centrifugal concentrator (VWR). To determine the concentration of the filtered recPrP, samples were taken and diluted 1 : 10 in PBS containing 0.1 % SDS and the absorbance was measured at 280 nm in an Ultrospec 3000 spectrophotometer (GE Life Sciences). The protein concentration was calculated by multiplying by the dilution factor and using an extinction coefficient of 2.6 l g 21 cm 21 for full-length recPrP (aa 23-232) and 1.4 l g 21 cm 21 for truncated recPrP (aa 90-231).
The 100 ml RT-QuIC reactions were set up in quadruplicate in the wells of a clear-bottomed black 96-well microplate (Fisher Scientific). Stock solutions containing the reaction components were filtered through a 0.22 mM Millex PES filter prior to making a master mix. recPrP was the final addition to the master mix, which was mixed by gently inverting the tube and then dispensed into the wells in 98 ml volumes. After adding 2 ml of the appropriately diluted brain homogenate (see above) to the wells, the final reactions contained 16 PBS, 0.002 % SDS, 0.02 % N2, 324 mM NaCl (including the NaCl present in PBS), 1 mM EDTA, 10 mM ThT and 0.1 mg recPrP ml 21 . The plates were sealed with sealing film and inserted into a FLUOstar OPTIMA microplate reader (BMG Labtech). The plates were incubated at 42 uC and shaken intermittently (1 min shaking, 1 min at rest) at 600 r.p.m. in a double orbital configuration and fluorescence readings were taken at 480 nm every 15 min from the bottom of the wells after excitation with 20 flashes per well at 450 nm. ThT emission fluorescence counts increased to a maximum limit of 65 000 per well when recPrP conversion occurred in all four wells of the quadruplicate reactions.
Graphs were constructed by importation of the data into Microsoft Excel. The traces represent the mean of the four replicate tests included in each run and traces on individual graphs show samples analysed together on one plate during a single run. The graphs also show the number of wells with above-background values in the form of n/4, where n is the number of positive wells. A summary of the brain homogenate seeds and recPrP substrates used in this study is shown in Table 1 .
Kinetics of fibrilization. In most cases where truncated recHaPrP (aa 90-231) was used as a substrate, the time-dependent changes in the fluorescence of ThT (F) could be approximately described using the following equation: where t is the time from the start of the assay, A is the base level of ThT fluorescence during the lag phase, B is the difference between the maximum ThT fluorescence and the basal level, k is the rate constant of fibril growth (h 21 ) and t m is the observed time at the midpoint of transition. When truncated recPrP was used as a substrate, the lag time t l of fibril formation was calculated as: t l 5t m 22/k. This equation has been used previously by Nielsen et al. (2001) and Chia et al. (2010) to model fibrilization. However, in cases where full-length recPrP (recHaPrP or recHuPrP, aa 23-231) was used a substrate, the kinetics of fibrilization appeared to be different. Once fibrilization had been initiated, it appeared to be better approximated using the following equation in which t is the time after the initiation of fibrilization:
F5A+[(Bt)/(t m +t)] (Equation 2).
In assays where full-length recPrP was used as a RT-QuIC substrate, the lag time was determined simply as the last time point before the mean ThT fluorescence value rapidly rose above the baseline.
